Abstract: In this paper, a linear parameter varying (LPV) control strategy is implemented in order to reduce torque ripple in Hybrid Electric Vehicles (HEV). The Internal Combustion Engine (ICE) ripples are attenuated by a Permanent Magnet Synchronous Machine (PMSM). Because the ICE motor generates persistent disturbances which vary with the rotational speed, it is necessary to design a LPV controller. The control strategy uses the internal model principle. The controller is designed by several steps which includes linear matrix inequalities optimization (LMIs). A test bed simulator is used through a complete modeling of a hybrid powertrain propulsion. Simulation results show the effectiveness of the control.
INTRODUCTION
In conventional internal combustion engine, the periodic fuel combustion in cylinders and masses of all oscillating moving parts, in particular the piston, result in pulsing engine torque which affects the powertrain life time, causing increased noises, vibration and reducing the drivers comfort Chauvin et al. (2004) . These limitations require an appropriate study to control engine torque which is one of the most important performance variables of an ICE. Until this time, only passive solutions are implemented to attenuate the torque pulsations as, for example, the flywheel.
In hybrid electric vehicle (HEV), the availability of an electrical motor to perform fuel economy and emissions improvents provides further benefit to the vehicle. One such function is active crankshaft torque-ripple cancellation, in which the synchronous machine is controlled as a torque actuator to reduce or eliminate the harmonic content of the torque produced by the impulsive cylinder pressures in the engine. One possible application of the instantaneous torque control is the implementation of a virtual flywheel Gusev et al. (1997) . The goal is to reduce the flywheel mass or to control torsional vibration affecting the driveline. Previous experimental studies use observers to estimate the instantaneous torque in order to generate a reference, which cancels the oscillating torque Davis and Lorenz (2003) . Other researches have shown that open loop control of the electric motor reduce engine speed oscillations Nakajima et al. (2000) . In order to improve this control, an adaptive close loop control is needed. Simulations show that a harmonic activation neural network can be used to absorb the torque pulsation when using an ⋆ This work is supported by the university of Poitiers and the region Poitou Charentes under the State-Region Project Contract (CPER) n. 13. Beuschel and Schroder (1999) and a startergenerator Beuschel et al. (2000) . This paper proposes a way to control torque harmonic disturbances when the speed of the ICE varies. The controller is designed from an LMI solution. An interesting approach to asymptotic rejection of non-stationary disturbances is used. An important outcome of these research efforts is the definition of a system model on which the internal model principle can be applied in the control design. The exact asymptotic regulation typically requires replication of the dynamics of the disturbance generating exo-system in the feedback loop. This typically requires a structured controller composed of two parts: a suitably constructed copy of the exo-system that generates the considered reference/disturbance signals, and an accompanying controller which stabilizes the system. Some relaxed solutions was provided in Koroglu and Scherer (2007) and Koroglu and Scherer (2008) . In order to find an output feedback controller, we use a transformation of state feedback combined with methods presented in Arzellier et al. (2003) ; Mehdi et al. (2003) . In order to design a LPV controller, a LFT description is used. This approach allows to make independant the synthesis of the controller of the parameter. For the proposed control strategy, a real time estimation by harmonic decomposition of the ICE speed signal is used to generate the desired reference signal.
AC machine
The paper is organized as follows. In the first section, a model of hybrid vehicle motors is proposed. The next section describes the LPV control strategy. Section 4 presents the LPV output feedback controller design. Simulation results are presented in section 5.
HYBRID TORQUE CONTROL
In the parallel hybrid powertrain, the electric motor is used to control the instantaneous torque produced by the ICE. This torque is considered as an exogenous disturbance. The originality of the proposed approach is to design only one controller which can act separately on one or several unwanted harmonics of the torque signal. The controller design problem is investigated in order to track current reference (i qref ) and to reject the persistent disturbance (torque ripples) generated by the ICE. It is based on a state space representation of the controlled system. The controller is designed by using the internal model principle and the notion of generalized asymptotic regulation Hua et al. (2005) . The control objectives consist in ensuring the quadratic stability of the closed loop system and the attenuation or the cancellation of the torque ripples.
The state space model of the system Σ is given by,
where x T = [θ th , ω th , θ el , ω el ] ∈ R n is the state vector, u ∈ R nu is the control input vector, w ∈ R nw is the exogenous disturbance, y ∈ R ny is the controlled output vector.
We have
where J 1 is the mass moment of inertia of the passive flywheel; J 2 is the inertia mass moment of the synchronous machine; k is the belt stiffness; c is the damping coefficient of the belt; n is the ratio between PMSM (permanent magnet synchronous motor) and ICE shafts; p is the number pole pairs of PMSM; λ is the flux linkage per phase established by rotor permanent magnets. θ th and ω th are crankshaft position and speed respectively. θ el and ω el are rotor position and speed respectively.
Assume that the current controller of the synchronous motor can be modeled as a first order Σ el , where τ e is the time constant of the current control loop. It models the torque control loop of the Variable-frequency drive. The torque generated by the ICE and the IM (Induction Motor) is written as follows
where T i is the torque generated by oscillating masses and connecting rod; T p is the combustion torque generated by the pressure in the cylinder; T l is the exogenous load torque.
The mathematical nonlinear models of T p and T i can be found in by Shigley et al. (2003) 3. LPV CONTROL STRATEGY
Problem statement
In this part, we are interested in developing a control strategy that ensures attenuation of torque ripple. The system is studied when it is disturbed by a disturbance in nonstationary variable speed. So the idea is to develop a LPV controller to ensure quadratic stability in the case of rejection of nonstationary disturbances.
The hybrid propulsion with the torque equation (2) is strongly nonlinear and some dynamics are not modeled. To resolve this problem, the torque (2) is considered as a nonstationary disturbance generated by a nonlinear system which acts on the exogenous linear system. At variable speeds, it is a quasi-periodic perturbation of the form
Consider that the perturbation ∆w is generated by an exogenous LPV system as follows
where
) with ω hi is the ith pulsation which corresponds to the ith canceled harmonic disturbance.
For the synthesis of the LPV controller, we consider a reference model Σ ref having the same structure as the system (1) with state x ref . Thus, we obtain the following system
with e = x−x ref and∆w = A e (∆)∆w is the equation that governs the dynamics of the nonstationary quasi-periodic disturbances.
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The problem that we consider is to design for the system above the following LPV output feedback controller,
Proposition 1. Consider a LPV system whose dynamics are described by (Σ ∆ ) with a non-stationary disturbance. Assume that κ ∆w(t) , ∀t 0, starting from w(0). Remark 2. κ is the attenuation level of harmonic amplitude. Therefore, it guarantees a degree of freedom to partially attenuate or completely remove every unwanted harmonics.
Controller structure for asymptotic regulation
We introduce in this subsection a particular structure of the controller inspired of (Koroglu and Scherer (2008) ) which guarantee asymptotic regulation and closed-loop stabilization. Lemma 1. Consider the proposition 1. There exist a controller that solves this problem if and only if there exists Π ∈ R n×nw et Γ ∈ R n×nw that satisfy
Any controller that solves this problem admits a realization of the form K(∆):
and can be implemented as, see figure 1 Fig. 1 . Structure of the controller where K i (∆) is a controller that replicates the dynamics of the exogenous system and K a (∆ c ) is a controller that stabilize the close loop system (Σ ∆ ) and (6). ∆ c depends on the same parameters as ∆ but it can have a different structure. Remark 3. In our case, after solving the Sylvester equation, the solutions Π and Γ show a little variation due to variation of speed. We consider a variation in the range of ±1000rpm around the average speed w 0 . So, in the following developments, the action of Π and Γ are supposed to be constant and thereforeΠ = 0 When using this supposition, the proof of this lemma is deduced from Koroglu and Scherer (2008) . Using the transformatioñ
with Π satisfying (7), the LPV system can be transformed intoG(∆):
An interesting technique to design the LPV controller K a (∆ c ) is the use of the "full block S-procedure" and the LFT representation (Linear Fractional Transformation) of a LPV system Scherer (1997 Scherer ( , 2001 ).
LPV OUTPUT FEEDBACK SYNTHESIS
In this part, a technique that translate LPV problems into analysis test with multipliers is presented. It uses a kernel representation that generalizes conventional LFT structure.
ConsiderG(∆) admits a standard LFT description :
with p = ∆q and
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In closed loop, the system is represented by[x,
where
Introduce the following lemma, that will help us to design the LPV controller. Lemma 2. The following proposition are equivalent Scherer (1997 Scherer ( , 2001 • case [a]: There exists a matrix X = X T > 0 such that:
Proof: the proposition a) expresses the quadratic stability of the closed-loop LPV system and is equivalent to N < 0 on S ∆ where N = 0 X X 0 and S ∆ par I A cl (∆) . Using the S-Procedure, ∃P > 0 on ker
such that N + T T P T < 0 on S, which can be written as T = [ 0 0 I ]:
and with congruence
, we obtain the propositon b). Theorem 1. Consider the problem of designing a LPV controller discussed in proposition 1. There exists a controller K(∆) of the form (9) that solve this problem if and only if there exist Π ∈ R n×nw and Γ ∈ R n×nw that satisfy (7) and (8), a symetric matrix X > 0, a multiplier P > 0 on ker
and
where f 1 , f 2 , f 3 et f 4 are non-null matrices and
given by an inverse LFT transformation of K c and the LPV controller K(∆) by the equation (9).
which can be written as
using the elimination lemma Iwasaki et al. (1998) it is equivalent to Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011
With a stabilizing state feedbacǩ
which corresponds to, 
This is equivalent to find the stabilizing feedback K 0 that satisfies equation (15). The equation (18) 
SIMULATIONS RESULTS
Using Simulink-Matlab, a test bed simulator has been developed. This simulator is based on a complete modeling of the hybrid powertrain of the experimental platform of the University of Poitiers. The experimental test bed is composed of two electrical motors and an ICE motor, see Figure 5 . A mono-cylinder engine is used to perform easily combustion process analysis. A three or four cylinders engine will change the different levels of Torque harmonics. As opposite to mono-cylinder, multi-cylinder harmonics due to combustion process are greater than these due to the mecanics. A PMSM performs high engine dynamics (15kW, Parvex Servo Motor HV 930 EL) and it is coupled via a belt (Binder Magnetic belt AT10 GEN III, Pmax = 70kW) to the ICE through an electromagnetic clutch.
There is a ratio of 1/2 between each ICE and PMSM shafts. The load machine is a three-phase induction motor (IM) of 47 kW. The load motor has got lower dynamics than the ICE and the PMSM. There are differents model in the simulator. The model of the ICE which is defined by 2 with details in Shigley et al. (2003) . The model of the synchronous and induction motor are defined by dqrepresentations with field oriented controls. The PMSM is placed on the engine crankshaft as the source of the control torque. The idea is to control instantaneous torque of the electric motor in order to reduce torque ripples of the ICE. In order to reduce torque pulsations at low frequencies, a reverse torque is generated. However, this requires to solve a problem of persistent disturbances rejection produced by the ICE and to ensure the regulation and the stability of the closed loop system.
The LPV Corrector is calculated to remove the first harmonic for a variable speed of the engine( i.e. κ 1 = 0). The control law is applied to the simulator and bench tests were conducted to an engine speed w th in a range of 960rpm and 1200rpm
The figure 3 shows the time responses of the speed signal for a varying signal of the machine with and without active control. Note when the speed of system varies, the first harmonic is properly rejected. In the following section, the simulation results of the control law are presented in order to show the efficiency of the controller in counteracting periodic load disturbances. Figure 4 presents the frequency analysis of the ICE engine speed signal with and without active control. Note that the first harmonic has been properly rejected. In such controls, the average power is really low (losses of the motor and power electronics) but the harmonics power can need few kiloWatts of instantaneous power. Only the average power will impact the fuel consumption. A great problem in a real application is the storage of electrical energy which can be partially solved with supercaps.
CONCLUSION
In this paper, a LPV control strategy of torque ripple reduction on HEV is proposed. A PMSM is used to compensate the ICE ripples of the hybrid powertrain propulsion. The control law is based on a dynamic-output feedback controller, which is well suited for electrical drive. Only one dynamic controller assured the cancellation of the torque ripples by acting separately on unwanted harmonics. By applying the internal model principle, an LMI framework is used to synthesize the controller. An LFT description is used to synthesize the LPV controller. Simulation results show the interest of this approach.
